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LABORATORY STUDIES OF THE CHEMILUMINESCENCE FROM THE 

UPPER ATMOSPHERIC CONDITIONS 

N. Jonathan and G. Doherty 

ATOMIC OXYGEN-NITRIC OXIDE REACTION UNDER 

I. INTRODUCTION 

The investigations of the continuum in the night airglow have been 

under way for many years. In early studies, Rayleigh demonstrated that its 

spectral distribution could not be the result of scattered sunlight. (1) 

Recent theories have independently suggested that the continuum is the 

y* , . ,q l t  of t L e  ..LA...< ..---------- ̂^ ^ ^ ^ _  --2 
L L a U L L  LILCI"I1ULLI;IL=;3ceit~.e: QaauCid Leu w itti tile ni iric oxide-atomic 

oxygen reaction. (2-5) 

distribution have been made by Shefov") and Yari~~'~) and these workers 

The most recent studies of the nocturnal continuum 

have shown that its distribution is close to that of a laboratory-produced 

airglow. 

Atomic oxygen is formed above 70 km by photodissociation of oxygen 

molecules. 

nighttime densities which vary from approximately 10" atoms/cc at 70 km 

to 1OI2 atoms/cc at 100 km for a 12-hour day followed by a 12-hour night. 

The amount of nitric oxide present is unknown, though theoretical argu- 

ments have been put forward for its existence. (') An upper limit of 10 

molecules/cc has been placed as a result of rocket experiments of the 

Recent calculations by Wallace(8) give estimates of the 

8 

ultraviolet absorption spectra. (10) 

Studies of the precise altitude of the continuum have been hampered 

by the low light intensity levels but rocket experiments have suggested 
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t h a t  the s t r o n g e s t  emis s ion  l i e s  between 90  and 110 km. (11,121 The 

e s s e n t i a l  mechanism f o r  t h e  n i t r i c  oxide-atomic oxygen l i g h t  emis s ion  i s  

0 + NO - + N O 2  i- hv 

followed by the  f a s t  r e a c t i o n  

0 + NO2 + O  + NO. 2 

Extensive l a b o r a t o r y  s t u d i e s  have been made of t h i s  r e a c t i o n  i n  t h e  

p r e s s u r e  range 1 -5  mm Hg. Most r e c e n t  experiments  have i n d i c a t e d  t h a t  

i n  the  1 mm p r e s s u r e  range t h e  chemiluminescence i s  t h e  r e s u l t  of a 

three-body r e a c t i o n  a l though  t h e  l i g h t  emis s ion  i s  second o r d e r ,  depend- 

e n t  only on atomic oxygen and n i t r i c  oxide c o n c e n t r a t i o n s .  ( l 3 - I 5 )  The 

r a t e  c o n s t a n t  f o r  l i g h t  emis s ion  h a s  been measured i n  t h e  c l a s s i c  ex- 

periment of F o n t i j n  and S c h i f f  and found t o  be 1 . 7  x 10  c c  molecule  

s e c  . 
of t h e i r  v a l u e  under upper a tmospheric  p r e s s u r e  c o n d i t i o n s  s i n c e  i t  

was be l i eved  t h e  chemiluminescence would become p r e s s u r e  dependent be- 

- 1 7  -1 

However , t h e s e  workers  c a s t  doubt upon t h e  a p p l i c a b i l i t y  -1 (16) 

low 10 microns.  The p r e s e n t  s t u d y  was,  t h e r e f o r e ,  unde r t aken  t o  ex tend  

l a b o r a t o r y  measurements t o  p r e s s u r e  r e g i o n s  s i m i l a r  t o  t h o s e  which e x i s t  

i n  the r e g i o n  of t h e  a i rg low.  The expe r imen ta l  d a t a  may t h e n  be used 

t o  c a l c u l a t e  whether t h e r e  i s  s u f f i c i e n t  a tomic oxygen and n i t r i c  oxide 

p r e s e n t  i n  t h e  atmosphere t o  produce t h e  observed n i g h t  a i r g l o w  con- 

t inuum. 
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Figure 1. Reaction cell for observation of chemiluminescence. 
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11. EXPERIMENTAL 

The r e a c t i o n  c e l l  used i n  t h e  p r e s e n t  s t u d i e s  has  been developed 

along the l i n e s  of m u l t i p a t h  c e l l s  which a r e  common i n  a b s o r p t i o n  spec-  

t roscopy.  The l i g h t  e m i t t e d  d u r i n g  a r e l a t i v e l y  slow r e a c t i o n  such a s  

NO + 0 does not  approximate t o  a p o i n t  sou rce  and hence one must use 

a m u l t i - r e f l e c t i o n  r e a c t i o n  c e l l  i n  o r d e r  t o  g a t h e r  maximum l i g h t .  The 

c e l l  i s  shown i n  schematic  form i n  F i g u r e  1. I t  c o n s i s t s  of a 5 0 - l i t e r ,  

3-necked Pyrex f l a s k .  The g a s e s  a r e  l e t  i n t o  t h e  c e l l  through t h e  two 

s i d e  arms o r  a r e  mixed a t  t he  p o i n t  of e n t r y  i n  one s i d e  arm. The cen- 

t e r  arm i s  connected t o  an N . R . C .  o i l  d i f f u s i o n  pump backed by a l a r g e  

Welch mechanical pump which,  working t o g e t h e r ,  a r e  capab le  of m a i n t a i n i n g  

t h e  c e l l  p r e s s u r e  a t  3 microns Hg when t h e  i n p u t  flow i s  26 s t a n d a r d  

cc lminu te .  The o u t s i d e  of t h e  c e l l  i s  c o a t e d  w i t h  a l a y e r  of magne- 

sium oxide which g i v e s  up t o  97% r e f l e c t i v i t y .  Magnesium o x i d e ,  b e i n g  

a d i f f u s e  r e f l e c t o r ,  has  an advantage i n  t h i s  c a s e  over t he  c o n v e n t i o n a l  

r e f l e c t o r  i n  t h a t  each r e f l e c t i o n  i n c r e a s e s  t h e  l i g h t - g a t h e r i n g  power 

o f  the c e l l .  The l i g h t  emerges through a sma l l  a p e r t u r e  i n  t h e  s i d e  

of the c e l l  which i s  s e a l e d  w i t h  a q u a r t z  window. P rov ided  t h a t  t h i s  

a p e r t u r e  i s  small, t h e  l i g h t  which i s  e m i t t e d  can be made t o  approximate 

t o  a p o i n t  s o u r c e .  Th i s  a l lows  a maximum amount of l i g h t  t o  be focussed  

through t h e  spec t romete r  o r  on a p h o t o m u l t i p l i e r .  P r o v i s i o n  i s  made f o r  

t h e  c e l l  t o  be hea ted  t o  a maximum of 700' K by means of an e x t e r n a l  

hea t ing  j a c k e t  f i t t e d  over  t h e  c e l l .  Uniform h e a t i n g  o f  t h e  c e l l  i s  

t h u s  ensured and t h e  t empera tu re  i s  c o n t r o l l e d  by v a r y i n g  t h e  v o l t a g e  
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a p p l i e d  t o  t h e  h e a t i n g  c i r c u i t .  The temperature  w i t h i n  t h e  c e l l  i s  

measured by means of a c a l i b r a t e d  thermocouple wi re  which e n t e r s  t h e  

c e l l  through one of t h e  s i d e  arms. The c e l l  p r e s s u r e  i s  measured by 

means of two independent ly  c a l i b r a t e d  McLeod gauges which a r e  a l s o  

i n s e r t e d  through a s i d e  arm. 

A b lock  diagram of t h e  appa ra tus  used i s  shown i n  F igure  2 .  Molec- 

u l a r  oxygen o r  a mixture  of molecular  oxygen and i n e r t  g a s  i s  passed- -  

v i a  a f lowmeter ,  need le  v a l v e  and t r ap - - th rough  a microwave d i s c h a r g e  

u n i t .  The p a r t i a l l y  d i s s o c i a t e d  molecular  oxygen then  e n t e r s  t h e  r eac -  

t i o n  v e s s e l  a f t e r  f i r s t  pas s ing  through t h e  Wood's l i g h t  t r a p .  N i t r i c  

ox ide  which h a s  been p u r i f i e d  by passage through a column of a s c a r i t e  

( t o  remove NO ) i s  mixed w i t h  t h e  oxygen a t  t h e  p o i n t  of e n t r y  i n t o  

t h e  r e a c t i o n  v e s s e l  a f t e r  f i r s t  p a s s i n g  through a need le  v a l v e ,  a c a l i -  

b r a t e d  flowmeter and a dry  i ce -ace tone  t r a p  (on t h e  low-pressure  s i d e  

2 

of t h e  need le  v a l v e )  t o  remove any l a s t  t r a c e s  of i m p u r i t i e s .  

A l l  f lowmeters  used du r ing  t h e  program were c a l i b r a t e d  d i r e c t l y  

I on t h e  system f o r  a l l  g a s e s  which passed through them, us ing  t h e  appara-  

t u s  which i s  shown i n  b lock  diagram form i n  F i g u r e  3 .  The f low p a t h  

1 of t h e  g a s  i s  s e l f - e x p l a n a t o r y ,  t h e  volume which passed  through t h e  

flowmeter be ing  measured a t  a tmospher ic  p r e s s u r e  which avoided t h e  

I n e c e s s i t y  f o r  c o r r e c t i n g  t h e  r e s u l t s  f o r  t h e  p r e s s u r e  a t  which t h e  

I f lowmeters  were o p e r a t i n g .  
I 

The s t e a d y - s t a t e  c o n c e n t r a t i o n  of  oxygen atoms i n  t h e  r e a c t i o n  

vessel  was measured a t  t h e  end of each  s e t  of r e a d i n g s  by t i t r a t i o n  
I 
1 
I 5 
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w i t h  n i t r o g e n  d i o x i d e .  The well-known r e a c t i o n  goes according t o  t h e  

equa t ion  

0 + NO2 + N O  + O2 

which i s  very much f a s t e r  t han  t h e  l i g h t  e m i t t i n g  r e a c t i o n  

0 + NO + N O 2  + hv. 

I t  can r e a d i l y  be seen  t h a t  maximum l i g h t  emis s ion  w i l l  occur when t h e  

n i t r o g e n  d i o x i d e  c o n c e n t r a t i o n  i s  e q u a l  t o  one -ha l f  t h a t  of t h e  oxygen 

atom c o n c e n t r a t i o n .  A c ros scheck  on t h e  p u r i t y  of t h e  n i t r i c  oxide 

and the accuracy of  t h e  t i t r a t i o n  t echn ique  was ob ta ined  from t h e  f a c t  

t h a t  i n  a l l  c a s e s  t h e  maximum i n t e n s i t y  from t h e  t i t r a t i o n  was equa l  

t o  the  l i g h t  emis s ion  when t h e  n i t r i c  ox ide  p a r t i a l  p r e s s u r e  w a s  one 

q u a r t e r  t h a t  o f  t h e  oxygen atoms. Two methods were used t o  observe 

t h e  l i g h t  emission from t h e  n i t r i c  oxide-atomic oxygen r e a c t i o n .  

The s p e c t r a l  d ! - s t r ibu t ion  of  tile Light  emis s ion  IJSS ob ta ined  u s i n g  a 

Perkin-Elmer 1 1 2  G g r a t i n g  spec t romete r  equipped w i t h  a s i n g l e  beam, 

double p a s s  monochromator. Attempts were made t o  r e c o r d  t h e  spectrum 

U C L W C C L I  3000 and 7000 8. 
o r d e r  t o  avoid t h e  p re sence  of h i g h e r  o r d e r s  from t h e  g r a t i n g .  The 

r a d i a t i o n  p a s s i n g  through the  monochromator was chopped on i t s  second 

p a s s  using a chopping frequency of 13 c p s .  T h i s  avoided t h e  d e t e c t i o n  

of the unchopped f i r s t - p a s s  r a d i a t i o n  s i n c e  t h e  r e s u l t i n g  s i g n a l  was 

f e d  i n t o  an a m p l i f i e r  tuned t o  t h e  chopping frequency.  The l i g h t  

was d e t e c t e d  a t  t h e  e x i t  s l i t  of t h e  monochromator by an EM1 9558B 

L - &- - - -- Above 3200 8, a Pyrex f i l t e r  was i n s e r t e d  i n  
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tri-alkali photomultiplier tube which was mounted in a light-tight 

housing. The spectral region was scanned automatically. 

The over-all light emission was measured by mounting an P.CA 1P28 

photomultiplier tube, in a light-tight housing, directly onto the aper- 

ture of the reaction cell. The resulting DC signal was fed into a 

Victoreen microammeter. Checks were made to ensure that the photomul- 

tiplier and microammeter gave linear readings over the range of light 

emission encountered. 
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111. RESULTS 

A .  THE SPECTRUM OF THE LIGHT EMISSION 

The spectrum of t h e  chemiluminescence was ob ta ined  between 

Under our  c o n d i t i o n s  3500 and 7500 % a t  p r e s s u r e s  of l o o p  and 4 0 0 ~ .  

of low r e s o l u t i o n ,  t h e  spectrum appeared a s  t h e  u s u a l  a i rg low "Continuum" 

w i t h  a maximum i n t e n s i t y  a t  approximate ly  6500 2. The l i g h t  emiss ion  

a t  p r e s s u r e s  below 10011 was t o o  low t o  enab le  s p e c t r o s c o p i c  measurements.  

However, ve ry  c rude  measurements of l i g h t  y i e l d s  were made i n  v a r i o u s  

s p e c t r a l  r e g i o n s  from 3500 t o  7500 8 us ing  a 1P28 p h o t o m u l t i p l i e r  

(S  13  ca thode )  and an EM1 9558B p h o t o m u l t i p l i e r  (S 20 ca thode)  i n  con- 

j u n c t i o n  w i t h  Corning s h o r t  wavelength c u t - o f f  f i l t e r s  a t  5500 and 6300 2. 
By comparison of t h e  r e a d i n g s  ob ta ined  w i t h  and wi thou t  t h e  f i l t e r s  

p re sen t  a t  l o p  and a t  l o o p ,  i t  was i n d i c a t e d  t h a t  t h e r e  was no obvious 

change i n  t h e  s p e c t r a l  d i s t r i b u t i o n  a t  t he  lower p r e s s u r e .  

B .  DEPENDENCE OF THE LIGHT EMISSION ON CHANGES I N  CONCENTRATION 
OF SPECIES AND VARIATION OF THE PRESSURE. 

The atomic and molecular  oxygen p a r t i a l  p r e s s u r e s  were main- 

ta ined  a t  c o n s t a n t  v a l u e s  w i t h  an oxygen f low r a t e  of 26 cc/min b e f o r e  

p a r t i a l  d i s s o c i a t i o n .  Small amounts of  n i t r i c  ox ide  were added, v i a  

a c a l i b r a t e d  f lowmeter ,  t o  t h e  oxygen s t ream a t  t h e  p o i n t  of e n t r y  

i n t o  t h e  r e a c t i o n  v e s s e l .  Below 30 microns t h e r e  was v i r t u a l l y  no l o s s  

i n  atomic oxygen du r ing  t h e  r e s i d e n c e  t i m e  i n  t h e  r e a c t i o n  v e s s e l .  A t  

p r e s s u r e s  above t h i s ,  t h e r e  were l o s s e s  a s  a r e s u l t  of t h e  three-body 

recombinat ion r e a c t i o n  

0 + NO + M + N O 2  + M ,  

10 



- 3 2  2 - 2  which has  a r a t e  c o n s t a n t  of approximately 6 . 0  x 10 c c  molecule 

s e c  . ( 1 3 y 1 7 y 1 8 y 1 9 )  The p a r t i a l  p r e s s u r e  of n i t r i c  ox ide  remained un- 

changed s i n c e  t h e  amount used up i n  forming n i t r o g e n  d iox ide  was regen- 

e r a t e d  immediately by t h e  v e r y  f a s t  secondary r e a c t i o n  

k ' 
0 + NO2 +' NO + O2 

- 1 2  -1 -1 where k' = 2.6 2 0.6  x 10 c c  molecule sec  . 
Hence, accord ing  t o  r e a c t o r  t h e o r y ,  t h e  d i f f e r e n c e  between i n i t i a l  and 

1 

s t e a d y - s t a t e  c o n c e n t r a t i o n s  of atomic oxygen a t  any p r e s s u r e  was 

(O0- G) 
t = 2kl (0) (NO) (MI 

where Oo and 0 were t h e  i n i t i a l  and s t e a d y - s t a t e  c o n c e n t r a t i o n s  of atomic 

oxygen r e s p e c t i v e l y ;  and where (NO) was the i n i t i a l  (and s t eady  s t a t e )  

c o n c e n t r a t i o n  of n i t r i c  o x i d e ,  (M) was t h e  t o t a l  c o n c e n t r a t i o n .  A l l  

t h e s e  c o n c e n t r a t i o n s  were expres sed  i n  u n i t s  of molecules  ( o r  a toms) / cc .  

The r e s i d e n c e  t ime t of the  s p e c i e s  i n  t h e  r e a c t i o n  v e s s e l  was e q u a l  t o  

V/F where V was t h e  volume i n  s t a n d a r d  c c ' s  and F was t h e  t o t a l  flow- 

r a t e  i n  s t a n d a r d  c c ' s / s e c .  Hence, i n  Table 1 i t  was c a l c u l a t e d  t h a t  a t  

a t o t a l  p r e s s u r e  of 43.5 microns ,  w i t h  a n i t r i c  ox ide  p a r t i a l  p r e s s u r e  

of 2 microns  and a r e s i d e n c e  t ime of 6 . 6  seconds,  t h e r e  was a 7% l o s s  

i n  t h e  atomic oxygen c o n c e n t r a t i o n .  A t  h ighe r  p r e s s u r e s  t h e  c o r r e c t i o n s  

became more s e v e r e  and d i f f i c u l t  t o  apply.  

The p r e s s u r e  i n  t h e  r e a c t i o n  c e l l  was v a r i e d  from 3 t o  200 

microns  by c l o s i n g  t h e  v a l v e  between t h e  pump and t h e  c e l l .  A t  t h e  

11 
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end of each  s e r i e s  of  a d d i t i o n s  of n i t r i c  ox ide ,  t h e  atomic oxygen flow- 

r a t e  was measured by t i t r a t i o n  w i t h  n i t r o g e n  d i o x i d e  and t h e  r e s u l t a n t  

l i g h t  emis s ion  was p l o t t e d  a s  a func t ion  of NO flow r a t e .  Hence, knowing 

t h e  f l o w r a t e s  of molecular  oxygen, atomic oxygen and n i t r i c  ox ide ,  and 

t h e  t o t a l  p r e s s u r e ,  t h e  p a r t i a l  p r e s s u r e  of each c o n s t i t u e n t  w a s  ca l cu -  

l a t e d .  The l i g h t  emiss ion  was p l o t t e d  as  a f u n c t i o n  of t h e  n i t r i c  ox ide  

p a r t i a l  p r e s s u r e  a t  each d i f f e r e n t  t o t a l  p r e s s u r e .  Below 40 microns ,  

s t r a i g h t  l i n e  p l o t s  were ob ta ined  b u t  above t h i s  p o i n t  a s l i g h t  curva- 

t u r e  appeared  which became s e v e r e  a t  80 microns and h i g h e r .  T h i s ,  a s  

a l r e a d y  e x p l a i n e d ,  w a s  due t o  l o s s e s  i n  t h e  atomic oxygen p a r t i a l  p r e s -  

s u r e  as a r e s u l t  of t h e  three-body n o n - r a d i a t i v e  recombina t ion  p rocess .  

The r e s u l t s  of a t y p i c a l  low-pressure  run a r e  g iven  i n  F i g u r e  4 .  It 

may be s e e n  t h a t  t h e  l i g h t  emis s ion  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  n i t r i c  

ox ide  p a r t i a l  p r e s s u r e .  

micron of n i t r i c  ox ide  and atomic oxygen such t h a t  

2 

If one d e f i n e s  Io a s  t h e  l i g h t  emis s ion  p e r  

I n t e n s i t y  = I ~ [ O I  [NO1 > 

t h e n  an e s s e n t i a l l y  c o n s t a n t  v a l u e  i s  ob ta ined  f o r  Io. The r e s u l t s  of 

t h e  r u n s  over  t h e  p r e s s u r e  range  3 t o  200 microns  a r e  g i v e n  i n  Table  1 

and F i g u r e  5. It  may be seen from Table 2 t h a t  t h e  l i g h t  emis s ion  i s  

d i r e c t l y  p r o p o r t i o n a l  t o  t h e  atomic oxygen and n i t r i c  ox ide  p a r t i a l  

p r e s s u r e s  and independent  of the  t o t a l  p r e s s u r e  (and hence t h i r d  body) 

over  t h e  r ange  3 t o  80 microns and seemingly a s  h igh  a s  200 microns.  

However, t h i s  l a s t  r e s u l t - - a l t h o u g h  agree ing  w i t h  theory--must be t r e a t e d  

w i t h  c a u t i o n  owing t o  t h e  s e v e r i t y  of the c o r r e c t i o n  which had t o  be 

a p p l i e d .  

13 
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I 

h e r e n t  expe r imen ta l  e r r o r .  

k 

The d i r e c t  r e l a t i o n s h i p  between the  atomic oxygen p a r t i a l  p r e s -  

s u r e  and t h e  l i g h t  emiss ion  was f u r t h e r  i n v e s t i g a t e d  under c o n d i t i o n s  

of c o n s t a n t  t o t a l  p r e s s u r e  and a f i x e d  p a r t i a l  p r e s s u r e  of n i t r i c  ox ide .  

The a tomic  oxygen p a r t i a l  p r e s s u r e  was v a r i e d  by changing t h e  power of 

I t h e  microwave d i s c h a r g e .  A f t e r  each  s e t  of r u n s  t h e  atomic oxygen pa r -  

t i a l  p r e s s u r e  was measured a s  a l r e a d y  exp la ined .  The r e s u l t s  a r e  shown 

i n  Table 3 and F igure  6 .  I t  can  a g a i n  be seen t h a t  t h e  l i g h t  emis s ion  

i s  d i r e c t l y  p r o p o r t i o n a l  t o  the  atomic oxygen c o n c e n t r a t i o n  and t h a t  I 

has  a c o n s t a n t  v a l u e  i n  good agreement w i t h  t h e  o t h e r  d a t a .  

0 

C. EFFECT OF ADDED GASES 

The p r e s s u r e  of t h e  r e a c t i o n  v e s s e l  was ma in ta ined  a t  3 ,  30 and 

100 microns  w i t h  c o n s t a n t  f lows of atomic and molecu la r  oxygen and n i t r i c  

ox ide .  Small  amounts of d ry  a i r ,  oxygen and n i t r o g e n  were added, i n  t u r n ,  

17 
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up t o  amounts n o t  exceeding  10% of t h e  t o t a l  f low. The a d d i t i o n s  gave 

a n e g l i g i b l e  change i n  t h e  l i g h t  emission i n d i c a t i n g  t h a t  t h e r e  w a s  l i t-  

t l e ,  i f  any,  quenching by t h e  added gases .  Attempts were made t o  make 

s i m i l a r  exper iments  w i t h  carbon monoxide a s  t h e  added g a s ,  b u t  t h e s e  

r e s u l t s  showed a s l i g h t  b u t  d e f i n i t e  i n c r e a s e  i n  t h e  l i g h t  emis s ion  

which was probably  a r e s u l t  of t h e  chemiluminescent r e a c t i o n  

l 

I 

0 + CO + C 0 2  + hv . 

21 



IV. D I S C U S S I O N  

I t  i s  f e l t  t h a t  our  expe r imen ta l  d a t a  a r e  i n  f u l l  agreement w i t h  

In t h e  three-body mechanism a l r e a d y  p o s t u l a t e d  f o r  t h e  r e a c t i o n .  (14) 

o r d e r  t o  f a c i l i t a t e  comparison between t h e  o r i g i n a l  d e r i v a t i o n  of t h i s  

mechanism and i t s  d e s c r i p t i o n  h e r e ,  t h e  o r i g i n a l  e q u a t i o n  numbers, e t c . ,  

a r e  main ta ined .  I t  has  been sugges ted  

a r e  formed dur ing  t h e  r e a c t i o n .  These 

2 t h a t  two e x c i t e d  s t a t e s  of NO 

a r e  w r i t t e n  a s  NO2 ( B )  and 
J; 

9; 
NO + 0 + M + N O 2  ( C )  + M 

N02*(C) + M + N O  + 0 + M ( 3 )  

>t 
Neglec t ing  emiss ion  from t h e  NO ( C )  s t a t e  owing t o  i t s  longe r  2 

l i f e t i m e  ,(20) t h e  s t e a d y - s t a t e  t r ea tmen t  f o r  l i g h t  emiss ion  yields 

A t  p r e s s u r e s  of 1 mm o r  l e s s ,  t h e  e q u a t i o n  i s  f u r t h e r  s i m p l i f i e d  

by assuming c o l l i s i o n a l  d e a c t i v a t i o n  t o  be an e f f i c i e n t  p r o c e s s  w i t h  

n e a r l y  e v e r y  c o l l i s i o n  e f f e c t i v e .  k6B i s  g iven  a s  4 x 10 6 sec -1 (20)  

22 



6 -1 
and k7B[M] and k7C[M] are approximate ly  1 x 10 s e c  a t  300 microns.  

Hence, s i m p l i f y i n g  where k >> k7B[M] 6B 

A t  low p r e s s u r e  k >> (k3 [M] + k7C[M]) and s i n c e  I i s  independent  6B 

of p r e s s u r e ,  t h e n  k4 << (kg[M] + 17C[M]) which means a l s o  t h a t  k >> k5. 6B 

I 

T h i s  e q u a t i o n  i s  t h e n  i n  agreement w i t h  t h e  observed  p r e s s u r e  in-  

dependence of t h e  l i g h t  emiss ion  i s  s p i t e  of t h e  three-body p r o c e s s .  

It i s  a l s o  c o n s i s t e n t  w i t h  t h e  d i f f e r e n c e  i n  t h e  th i rd -body  e f f i c i e n c y  

(15) s i n c e  k a s  found by Clyne and Thrush 

n a t u r e  of M. 

[M] v a r i e s  acco rd ing  t o  t h e  

It has  been p o i n t e d  out by F o n t i j n  and S c h i f f  t h a t  t h i s  

7c 

t 

p r e s s u r e  independence must be l o s t  a t  s u f f i c i e n t l y  low p r e s s u r e s  s i n c e  

(k3 + k ) [M] >> k w i l l  n o t  ho ld .  I n s e r t i n g  t h e  sugges t ed  r e a s o n a b l e  

v a l u e s  of  k3 10-l' cm3 molecule s e c  and k7C z 10- cm molecule  

s e c  , w e  f i n d  t h a t  a t  1 micron t o t a l  p r e s s u r e  k4 must be c o n s i d e r a b l y  

less  t h a n  6 . 6  x 10 sec f o r  t h e  l i g h t  emis s ion  t o  remain p r e s s u r e  i n -  

dependent.  

more r e a s o n a b l e  maximum v a l u e  f o r  k i s  10 s e c  r a t h e r  t h a n  t h e  sug- 

g e s t e d  10 sec which does n o t  c o n f l i c t  w i t h  t h e  above mechanism and 

7c  4 
-1 -1 10 3 -1 

-1 

3 -1 

I n  view of our  r e s u l t s  i t  i s  t h e r e f o r e  sugges t ed  t h a t  a 

3 -1 
4 

4 -1 
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i s  c o n s i s t e n t  w i t h  t h e  expe r imen ta l  r e s u l t s .  I t  may a l s o  be no ted  t h a t  

our  obse rva t ion ,  i n d i c a t i n g  t h e r e  was v i r t u a l l y  no quenching by added 

g a s e s ,  i s  c o n s i s t e n t  w i t h  t h i s  mechanism. 

An a l t e r n a t i v e  mechanism would be t h e  d i r e c t  two-body r ecombina t ion  

r e a c t i o n  

-1, 

0 + NO - / N O 2  

NO2 -k - + N O 2  f hv 

-8- 

NO2 + M - + N O 2  + M . 

Provided t h a t  k i s  n e g l i g i b l e ,  t h e n  t h e  l i g h t  emis s ion  would 13 

aga in  be independent  of p r e s s u r e .  I n  t h i s  c a s e ,  however,  one cannot  

e x p l a i n  t h e  d i f f e r e n t  th i rd-body e f f i c i e n c i e s  found by Clyne and Thrush.  

Hence, a l though  on f i r s t  thought  i t  may p o s s i b l y  seem unreasonab le  t o  

speak of  a three-body mechanism a t  p r e s s u r e s  a s  low a s  1 micron ,  w e  f e e l  

t h a t  a l l  t h e  expe r imen ta l  d a t a  make i t  n e c e s s a r y  t o  do s o  i n  t h i s  c a s e .  

The r e s u l t s  i n d i c a t e  t h a t  t h e  v a l u e  p r e v i o u s l y  o b t a i n e d  f o r  t h e  

- 17 -1 -1 (16)  
r a t e  c o n s t a n t  f o r  l i g h t  emis s ion  of 1 . 7  x 10 cc molecule  s e c  

i s  a p p l i c a b l e  down t o  p r e s s u r e s  of 0 .85  microns  which co r re sponds  t o  

an a l t i t u d e  of 93 .5  km. (21) Th i s  r a t e  c o n s t a n t  w a s - t h e r e f o r e  used  t o  

c a l c u l a t e  t h e  p o s s i b l e  photon f l u x  of  t h e  n i g h t t i m e  a i rg low continuum 

us ing  t h e  formula 

[NO; 1 - 17 
d t  = 1 . 7  x 10 [O][NO] . 
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The v a l u e s  f o r  t h e  oxygen atom c o n c e n t r a t i o n s  a r e  t aken  from t h e  r e c e n t  

c a l c u l a t i o n s  by Wallace f o r  a 12-hour day and n i g h t  c y c l e .  (8) 

n i t r i c  ox ide  c o n c e n t r a t i o n  i s  g i v e n  t h e  allowed upper l i m i t  v a l u e  of 

(lo) The r e s u l t s  are given i n  Table 5 .  The t o t a l  10 molecu le s / cc .  

photon f l u x  i s  c a l c u l a t e d  a s  approximately 3 x 10 photons/cm / s e c .  The 

f i e l d  d a t a  o b t a i n e d  by Shefov") i n d i c a t e  a t o t a l  i n t e g r a t e d  emiss ion  of 

approximate ly  3300 Ray le ighs  i n  t h e  s p e c t r a l  r e g i o n  between 3900 and 

6200 8. T h i s  co r re sponds  t o  a t o t a l  f l u x  of 3 . 3  x 10 photons/cm /sec, 

which i s  i n  agreement w i t h  our  c a i c u i a c e d  daca  b u t  no g r e a t  accuracy  i s  

t o  be  expec ted  o r  claimed when one c o n s i d e r s  t h e  u n c e r t a i n t y  i n  t h e  n i t r i c  

ox ide  c o n c e n t r a t i o n  d i s t r i b u t i o n .  It i s  perhaps  t r i v i a l  t o  p o i n t  o u t  

t h a t  t h e  d e r i v e d  d i s t r i b u t i o n  of photons  over t h e  range  70-110 km i s  i n  

a p p a r e n t  agreement w i t h  t h e  d i s t r i b u t i o n  of t h e  a i rg low continuum a s  mea- 

s u r e d  by r o c k e t  exper iments .  T h i s  must obvious ly  be t h e  c a s e  s i n c e  t h e  

atomic oxygen c o n c e n t r a t i o n  f o l l o w s  t h i s  d i s t r i b u t i o n  and a uniform con- 

c e n t r a t i o n  of n i t r i c  ox ide  h a s  been assumed. 

The 

8 

9 2 

9 2 
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V .  CONCLUSIONS 

The following main conclusions are derived from the present work: 

(1) The atomic oxygen-nitric oxide reaction is a three-body 

process down to pressures of at least 1 micron. 

(2) The light emitting reaction is not pressure dependent and 

- 17 hence the existing rate constant for light emission of 1.7 x 10 cc 

molecule sec may be applied a: total pressures as low as 1 micron. 

Provided that nitric oxide is present in concentrations 

molecules/cc over the altitude range 80-110 km, there should be 

-1 -1 

( 3 )  
8 of 10 

sufficient light emitted to make the atomic oxygen-nitric oxide reaction 

a prime contributor to the nighttime airglow continuum. 

27 
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